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Coordinate Roles for LIM Homeobox Genes
in Directing the Dorsoventral Trajectory
of Motor Axons in the Vertebrate Limb
innervate limb muscles are located in the lateral motor
column (LMC) and are generated only at levels of the
neural tube that lie in register with the limb fields (Ham-
burger, 1977; Ensini et al., 1998). LMC neurons initially
project their axons along a common path, but at the
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base of the limb, the motor nerve bifurcates to formColumbia University
distinct dorsal and ventral branches (Figure 1A). TheNew York, New York 10032
decision of motor axons to project within the dorsal or²Department of Biochemistry and Molecular
ventral nerve branch correlates with the position of mo-
Biology tor neurons within the LMC. Neurons in the medial (m)
University of Texas division of the LMC extend axons exclusively into the
M.D. Anderson Cancer Center ventral nerve branch, whereas neurons in the lateral (l)
Houston, Texas 70030 division project axons only into the dorsal nerve branch
(Landmesser, 1978; Tosney and Landmesser, 1985a,
1985b; Figure 1A). The initial selection of a ventral or
dorsal trajectory by the axons of LMC neurons is di-
Summary rected by signals provided by mesenchymal cells en-
countered by motor axons as they enter the limb (Sum-
merbell and Stirling, 1981; Ferguson, 1983; WhitelawMotor neurons extend axons along specific trajecto-
and Hollyday, 1983). These findings raise the possibilityries, but the molecules that control their pathfinding
that the differential expression of genes by LMC(m) andremain poorly defined. We show that two LIM homeo-
LMC(l) neurons and by ventral and dorsal limb mesen-domain transcription factors, Lim1 and Lmx1b, control
chymal cells coordinates this binary choice in motorthe initial trajectory of motor axons in the developing
axon trajectory.mammalian limb. The expression of Lim1 by a lateral
The division of the LMC into medial and lateral neu-set of lateral motor column (LMC) neurons ensures
ronal subsets is accompanied by the expression of twothat their axons select a dorsal trajectory in the limb. LIM homeodomain (HD) transcription factors, Isl1 and
In a complementary manner, the expression of Lmx1b Lim1 (Tsuchida et al., 1994). All LMC neurons initially
by dorsal limb mesenchymal cells controls the dorsal express Isl1, and its expression is maintained in LMC(m)
and ventral axonal trajectories of medial and lateral neurons. In contrast, the expression of Isl1 is extin-
LMC neurons. In the absence of these two proteins, guished from LMC(l) neurons soon after their exit from
motor axons appear to select dorsal and ventral trajec- the cell cycle, at the time that these neurons begin to
tories at random. Thus, LIM homeodomain proteins express Lim1 (Tsuchida et al., 1994; Sockanathan and
act within motor neurons and cells that guide motor Jessell, 1998). This distinction in LIM HD protein expres-
axons to establish the fidelity of a binary choice in sion is established before motor axons reach the limb,
but it remains unclear whether the differential expres-axonal trajectory.
sion of Lim1 and Isl1 by LMC(l) and LMC(m) neurons
controls their distinct axonal trajectories.Introduction
The uncertainty about the role of LIM HD proteins in
the control of motor axon pathfinding stems from theThe fidelity with which neurons select axonal trajectories
fact that many genes of this class control earlier devel-during embryonic development plays a key role in the
opmental decisionsÐthe regulation of neural pattern,assembly of neuronal circuits. The projection of axons
cell specification, and cell survival (Hobert and West-to their targets occurs in a stepwise manner, under the
phal, 2000). Genetic analyses have revealed an essentialcontrol of guidance cues arrayed at discrete locations
role for Isl1 in the generation of motor neurons (Pfaff etalong the pathway of axonal growth (Tessier-Lavigne
al., 1996), but any possible later contribution to motorand Goodman, 1996). The specificity evident in the re-
axon guidance has been obscurred by the early lethalitysponse of axons to the variety of cues presented in their
of Isl1 mutants. Similarly, mice lacking Lim1 functionlocal environment demands a precise coordination in
die before the development of LMC neurons can bethe expression of guidance molecules within neurons
assessed (Shawlot and Behringer, 1995). The LIM ho-and surrounding cells.
meobox genes Lhx3 (Lim3) and Lhx4 (Gsh4) are tran-In vertebrates, the coordinated development of neu-
siently expressed by spinal motor neurons but appearrons and their targets has been well documented in the
to specify neuronal subtype identity and migratory be-
context of the peripheral projections of spinal motor havior, indirectly influencing the position at which motor
neurons. Motor neurons innervate many different mus- axons emerge from the spinal cord (Sharma et al., 1998).
cle targets, and the location of motor neurons within the Nevertheless, studies in Drosophila have shown that
spinal cord is linked to target position. Motor neurons LIM HD proteins direct motor axon projections without
that innervate axial muscles are located in the median influencing neuronal fate (Thor and Thomas, 1997; Thor
motor column (MMC) and are present at all segmental et al., 1999), suggesting that some of their vertebrate
levels of the spinal cord. In contrast, motor neurons that counterparts may have similar roles.
The cellular environment through which LMC(l) and
LMC(m) axons project is also distinguished by the spa-³ To whom correspondence should be addressed (e-mail: tmj1@
columbia.edu). tially restricted expression of LIM homeobox genes
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Figure 1. Lim1tlz-Directed LacZ Expression in LMC(l) Neurons
(A) LIM HD code and axonal projection of MMC(m) and LMC neurons.
(B) Lim1 targeting strategy. Gray boxes show Lim1 exon organization. The probe used to verify 59 region targeting is indicated (59). Dotted
lines indicate KpnI fragments recognized by the 59 probe in wild-type (5 kb) and targeted (2.8 kb) alleles. Numbers refer to PCR primers.
Restriction enzyme sites: B, BamHI; H, HindIII; K, KpnI; N, NotI; X, XbaI. Yellow boxes indicate Cre recombinase target sites.
(C) Genotyping of embryos. M: DNA markers of 1.6, 1.0, and 0.5 kb. The targeted allele generates a 490 bp and the wild-type allele a 530 bp
PCR product.
(D) An E12.5 Lim1tlz/1 embryo stained with X-gal. LacZ activity is detected in the central nervous system. Arrows indicate axonal staining at
limb levels. LacZ expression in the mesonephric duct and developing kidney is indicated (white arrowhead).
(E) Lim1/2 (red) and LacZ (green) expression in E11.5 Lim1tlz/1 lumbar spinal cord. LacZ and Lim1/2 are coexpressed in dorsal (din) and ventral
(in) interneurons. Arrow points to LacZ1 axons at the ventral midline. Box in (E) indicates area magnified in (F) and (G).
(F and G) Sections through right ventral quadrant of E11.5 Lim1tlz/1 lumbar spinal cord. (F) Lim1 expression in LMC(l) neurons and ventral
interneurons (in). At E11.5 essentially all LMC(l) neurons express Lim1. (G) Coexpression of LacZ (green) and Lim1/2 (red) in LMC(l) neurons
and ventral interneurons (in). At this stage, LMC(l) neurons have not completed their migration and are located ventral to LMC(m) neurons.
Lim1/21, LacZ2 neurons may reflect the presence of Lim12, Lim21 interneurons or a slight delay in the onset of LacZ expression.
Scale bar: 70 mm (E); 25 mm (F and G).
(Nohno et al., 1997). In particular, the Lmx1b gene is In this study we have used genetic assays to ad-
dress the basis of the selection of motor axon trajectoryselectively expressed by cells of the dorsal limb mesen-
chyme (Riddle et al., 1995; Vogel et al., 1995; Chen et al., within the developing mouse limb. We have examined
whether the differential expression of LIM homeobox1998). Gain- and loss-of-function studies have revealed
that the differential pattern of Lmx1b expression has a genes by LMC neurons and by limb mesenchymal cells
controls the dorsal and ventral trajectories of LMC(l) andcritical role in establishing distinct programs of skeleto-
genesis and muscle cleavage in the dorsal and ventral LMC(m) axons. Introduction of an axonally transported
LacZ marker into the Lim1 locus shows that LMC(l) ax-halves of the limb (Riddle et al., 1995; Vogel et al., 1995;
Chen et al., 1998). ons project exclusively into the dorsal limb mesen-
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chyme. In the absence of Lim1 function, the specifi- E13.5, the latest stage examined (see Figure 7A; data
not shown). This analysis shows that LacZ expressioncation of LMC(l) neuronal identity appears to occur nor-
mally, but the axons of LMC(l) neurons now project at can be used to trace the growth of LMC(l) axons within
the motor nerve branch that enters the dorsal limb.equal incidence into dorsal and ventral limb. In addition,
Lmx1b function is required by limb mesenchymal cells
to direct the dorsoventral trajectories of both LMC(l) and Lim1 Is Not Required for the Specification
LMC(m) axons. These results show that LIM HD proteins of LMC(l) Neuronal Identity
expressed within motor neurons and a group of interme- Embryos homozygous for the Lim1tlz allele exhibit ante-
diate target cells coordinate a binary choice of motor rior patterning defects at E9.5 to E10.0, and die before
axon trajectory along the dorsoventral axis of the limb. any possible role of Lim1 in the development of LMC(l)
neurons can be assessed. These defects result from
Results roles for Lim1 in extraembryonic and primitive streak-
derived tissues (Shawlot et al., 1999). To overcome the
Targeted Expression of LacZ in LMC(l) early lethality of Lim1tlz mutants, we generated ES cells
Motor Neurons in which both copies of the Lim1 gene carried the Lim1tlz
To trace the axonal projections of LMC(l) neurons, we insertion and used these ES cells to generate mutant $
introduced an IRES-taulacZ (tlz) cassette (Mombaerts et wild-type chimeric embryos. ES cells contribute selec-
al., 1996) into the mouse Lim1 locus by homologous tively to definitive embryonic tissues (Beddington and
recombination in ES cells. The targeting construct was Robertson, 1989), and thus in such chimeras any re-
designed to remove Lim1 coding sequences and thus quirement for Lim1 function in extraembryonic tissues
to inactivate Lim1 function (Figure 1B). Lim1tlz/1 mice should be bypassed. In addition, the contribution of
were viable and fertile whereas Lim1tlz/tlz mice (Figure wild-type cells to these chimeras should attenuate the
1C) died on or before embryonic (E) day 10, exhibiting Lim1-dependent defect in primitive streak development
anterior patterning defects similar to those described (Shawlot et al., 1999).
previously in embryos lacking Lim1 function (Lim1D ho- Chimeric embryos were derived from five homozy-
mozygotes; Shawlot and Behringer, 1995; Shawlot et gous Lim1tlz/tlz ES lines (Figure 3A), and designated
al., 1999). The severity of the mutant phenotype was Lim1tlz/tlz $ 1/1 embryos. The pattern of LacZ expres-
similar in Lim1D/Lim1tlz compound heterozygous em- sion in Lim1tlz/tlz $ 1/1 chimeras resembled that of Lim1
bryos (data not shown), providing additional evidence (Figures 3B and 3C), indicating that Lim1 activity is not
that the Lim1tlz allele eliminates Lim1 function. required for the maintenance of its own expression be-
The expression of LacZ in Lim1tlz/1 embryos closely tween E10 and E13.5. To exclude defects that might
resembled that of endogenous Lim1 expression, when result solely from the generation of chimeric embryos,
examined over the period E10.5 to E13.5 (Figure 1D; we used a Lim1tlz/1 ES line to generate control chimeras,
data not shown). In the spinal cord, the expression of designated Lim1tlz/1 $ 1/1 embryos. Analysis of the
LacZ was detected within the lateral half of the LMC, but development of LMC neurons focused on chimeric em-
was excluded from LMC(m) neurons and MMC neurons bryos in which neural tissues were heavily (.50% ES
(Figures 1E±1G; data not shown). Many spinal interneu- cell contribution) populated by Lim1tlz/tlz cells.
rons expressed LacZ in a pattern resembling that of Lim1tlz/tlz $ 1/1 embryos developed until E13.5, the
endogenous Lim1 (Figure 1E). Thus, the pattern of neu- latest stage examined. In z30% of chimeric embryos
ronal LacZ expression in Lim1tlz/1 embryos reflects en- (20/64 embryos), cephalic structures anterior to the
dogenous Lim1 expression. rhombencephalon were reduced or absent (Figure 3B),
whereas in the remaining z70% (44/64 embryos), the
pattern of anterior neural development was relativelyLacZ-Labeled Motor Axons in Lim1tlz/1 Embryos
Select a Dorsal Trajectory in the Limb normal (Figure 3C). Lim1 expression was absent from
LacZ1 LMC neurons in Lim1tlz/tlz $ 1/1 chimeras (Fig-To define the trajectory of LMC(l) axons, we examined
the expression of LacZ in Lim1tlz/1 embryos between ures 3D and 3E; data not shown), confirming that the
Lim1tlz allele encodes a null mutation. Chimeric embryosE10.5 and E13.5. LacZ expression was detected in axons
emerging from the spinal cord into the ventral roots, but derived from Lim1tlz/1 ES cells displayed no overt ante-
rior patterning defects (17 embryos; data not shown).only at limb levels (Figure 1D; Figures 2A and 2B). No
expression of LacZ was detected in the axons of dorsal We next examined whether the loss of Lim1 function
perturbs LMC(l) neuronal identity, or the migration ofroot ganglion (DRG) neurons (Figures 2C and 2D). Thus
in Lim1tlz/1 embryos, neuronal expression of LacZ in the LMC(l) neurons. To assess LMC neuronal identity, we
monitored patterns of gene expression in LacZ1 motorperiphery is restricted to LMC(l) axons.
We used LacZ expression in Lim1tlz/1 embryos to mon- neurons in Lim1tlz/tlz $ 1/1 and Lim1tlz/1 $ 1/1 embryos,
at E11.0±E11.5. Three genes expressed selectivelyitor the trajectory of LMC(l) axons to the developing limb.
At E11.5, LacZ expression was detected in motor axons by LMC neurons, Retinaldehyde dehydrogenase 2
(RALDH2; Sockanathan and Jessell, 1998), Isl2 (Tsu-as they projected in the flank mesoderm, proximal to
the limb (Figure 2E; data not shown). At the boundary chida et al., 1994), and Mafb, were expressed in a normal
pattern by LacZ1 motor neurons in Lim1tlz/tlz $ 1/1 chi-between the flank and limb mesenchyme, motor axons
became less tightly fasciculated and LacZ1 axons were meras (Figures 3F and 3G; data not shown). Thus, the
loss of Lim1 function does not perturb the specificationrestricted to the dorsal region of the nascent nerve
branch (Figures 2E and 2F; data not shown). As axons of generic LMC character.
LacZ was expressed by LMC(l) neurons in Lim1tlz/tlz $projected further into the limb, the dorsal restriction
in LacZ-labeled motor axons was maintained, both at 1/1 chimeras (Figures 3E, 3I, and 3K), providing evi-
dence that the identity of LMC(l) neurons is establishedforelimb and hindlimb levels (Figures 2G and 2H). LacZ
expression persisted in dorsally directed axons until in the absence of Lim1 function. A second feature of
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Figure 2. Lim1tlz-Directed LacZ Expression in Dorsally Projecting Motor Axons
(A and B) LacZ expression in E12.5 embryos at forelimb (A) and hindlimb (B) levels. Anterior is up, spinal cord is to the left. LacZ1 axons
converge at the crural (c) and sciatic (s) plexii in the hindlimb. LacZ expression in the developing kidney (k) is visible.
(C and D) Ventrolateral quadrant of the spinal cord (area boxed in Figure 1E). Dorsal is up, lateral to right. (C) LacZ expression in LMC neurons
and axons in the ventral root (vr). (D) Neurofilament (NF; red) and LacZ (green) expression coincides. The axons of dorsal root ganglion (drg)
neurons express NF but not LacZ.
(E±H) NF (red) and LacZ (green) expression in peripheral axons at limb levels. Insets are gray scale images of the LacZ channel. Blue bars
mark the approximate location of the dorsoventral (dv) boundary.
(E) Motor axons at the base of the hindlimb. LacZ expression is dorsally restricted. Image representative of at least five embryos.
(F) High magnification view of the dorsal restriction of LacZ1 axons.
(G) Hindlimb level section. LacZ1 axons are confined to the dorsal branch.
(H) Forelimb level section showing dorsally restricted LacZ expression. Secondary branches are forming at this stage. Image representative
of at least four embryos.
Scale bar: 150 mm (A and B); 25 mm (C and D); 70 mm (E); 50 mm (F); 100 mm (G and H).
LMC(l) neuronal identity, the extinction of Isl1 expression (Ericson et al., 1997) was also generated in normal num-
bers and position (data not shown). The generation of(Tsuchida et al., 1994; Arber et al., 1999), was also evi-
dent in LacZ1 LMC(l) neurons in Lim1tlz/tlz $ 1/1 chime- ventral Lim21 interneurons was also unchanged in these
chimeras (data not shown). Thus, the loss of Lim1 func-ras (Figures 3H and 3I). In addition, the winged helix
protein Foxb1a (TWH) and the ETS protein PEA3, mark- tion appears not to affect the specification of motor
neuron or ventral interneuron identity.ers of specific LMC(l) motor pools at lumbar levels (Dou
et al., 1997; Lin et al., 1998), were expressed in a normal
pattern in Lim1tlz/tlz LMC neurons (data not shown). Thus,
the specification of LMC(l) neuronal identity appears to Lim1 Determines the Fidelity with which LMC(l)
Neurons Select a Dorsal Axonal Trajectoryproceed normally, despite the loss of Lim1 function.
Furthermore, analysis of Lim1tlz/tlz $ 1/1 chimeras re- in the Limb
Since Lim1 is not required for the specification of LMC(l)vealed that LacZ1, Isl12 motor neurons were found in a
lateral position (Figures 3H and 3I), characteristic of the neurons, we examined whether the gene has a later role
in directing motor axon trajectory. The projection of LMCnormal settling position of LMC(l) neurons (Arber et al.,
1999). Thus, the normal medial-to-lateral migration and axons was examined at four sequential stages: (1) as
axons project through the proximal mesoderm towardlateral settling pattern of LMC(l) neurons also appears
to be unaffected by the loss of Lim1 function. We de- the limb, (2) as axons defasciculate at the base of the
limb, (3) as axons project into the proximal limb mesen-tected no increase in motor neuron death, assessed by
TUNEL labeling, in the LMC of Lim1tlz/tlz $ 1/1 chimeras chyme, and (4) as axons grow into the distal limb.
(1) The Trajectory of LMC(l) Axons to the Limbover the period E11 to E13.5 (data not shown).
Defects in interneuron generation could, in principle, Analysis of Lim1tlz/tlz $ 1/1 embryos at E10.5 revealed
that the outgrowth of LacZ1 LMC(l) axons toward thehave an indirect influence on motor neuron develop-
ment. We therefore examined whether the differentiation limb occurred on schedule and in a normal pattern (data
not shown). Thus, Lim1 is not required for the projectionof ventral interneurons occurs normally in the absence
of Lim1 function. The number and position of Evx1/21 of LMC(l) axons out of the spinal cord or through the
paraxial and flank mesoderm. No change was detectedV0 and En11 V1 neurons, two sets of ventral interneurons
that normally express Lim1 (Pierani et al., 1999), were in the dorsoventral patterning of the limb itself, as as-
sessed by the pattern of expression of Lmx1b (data notnot changed in Lim1tlz/tlz $ 1/1 chimeras (Figures 3J
and 3K; data not shown). A set of Chx101 V2 neurons shown; see below).
Control of Motor Axon Trajectory by LIM Homeobox Genes
165
Figure 3. Specification of LMC Neurons and Interneurons in the Absence of Lim1 Function
(A) Southern analysis of KpnI-digested DNA from ES line clones derived from a Lim1tlz/1 ES line grown in high G418. The location of the
genomic probe is shown in Figure 1B.
(B and C) LacZ-labeled Lim1tlz/tlz $ 1/1 chimeras display extensive contribution of Lim1tlz/tlz ES cells to the spinal cord at E11.5. The embryo
in (B) displays severe microcephaly. The embryo in (C) has no overt head defects despite a substantial contribution from Lim1tlz/tlz ES cells.
(D±K) Ventrolateral quadrant of the lumbar spinal cord at E11.0±E11.5. Marker expression in Lim1tlz/1 $ 1/1 chimeras (F, H, and J) and
Lim1tlz/tlz $ 1/1 chimeras (G, I, and K) is similar. Images representative of at least four embryos.
(D and E) Lim1/2 expression in LacZ1 LMC(l) cells (arrows) in Lim1tlz/1 $ 1/1 chimeras (D) but not in Lim1tlz/tlz $ 1/1 chimeras (E). In
Lim1tlz/tlz $ 1/1 chimeras, Lim1 expression is absent from Lim1 mutant LMC(l) neurons (arrows in E). LacZ1 neurons that appear to be
Lim1/21 correspond either to Lim1/21 interneurons which express Lim2 but are mutant for Lim1, or wild-type Lim11 LMC(l) neurons that lie
adjacent to LacZ1 axons derived from mutant neurons.
(F and G) RALDH2 expression in Lim1tlz/1 $ 1/1 (F) and Lim1tlz/tlz $ 1/1 (G) embryos. Arrowheads point to the location of the ventral root.
(H and I) Isl1 (red) is excluded from LacZ1 (green) LMC(l) neurons (arrows).
(J and K) Expression of En1 (red) in a subset of LacZ1 (green) V1 neurons in Lim1tlz/1 $ 1/1 (J) and Lim1tlz/tlz $ 1/1 (K) chimeras.
Scale bar: 10 mm (D, E, H, I, J, and K); 15 mm (F and G).
(2) The Trajectory of LMC(l) Axons at the Base well as in the dorsal motor nerve branch (Figure 4D).
The incidence of misplaced ventral axons, revealed byof the Limb
In Limtlz/1 $ 1/1 chimeras, as in Lim1tlz/1 embryos, quantitation of axonal LacZ immunofluorescence, was
similar to that of dorsally directed axons at both hindlimbLacZ1 axons were restricted to the dorsal half of the
nascent motor nerve branch (Figure 4A; data not shown). and forelimb levels (Figures 4E and 4F). We also de-
tected an z30% increase in neurofilament immunoreac-In contrast, the segregation of LMC(l) axons at the base
of the limb was perturbed in Lim1tlz/tlz $ 1/1 embryos. tivity in the ventral nerve branch in Lim1tlz/tlz $ 1/1 em-
bryos (Figures 4E and 4F), consistent with the findingAt the point of motor nerve defasciculation, LacZ1 motor
axons were detected in both dorsal and ventral regions that some LMC(l) axons now select a ventral trajectory.
Thus, the loss of Lim1 function appears to affect theof the nascent nerve branches (Figure 4B). Despite this,
the proximodistal and dorsoventral positions at which fidelity with which LMC(l) axons select a dorsal trajectory
in the limb, but does not abolish completely their capac-the motor nerve defasciculated and branched were unal-
tered in Lim1tlz/tlz $ 1/1 chimeras (Figures 4A±4D; data ity for dorsally directed growth.
(4) The Projection of LMC(l) Axonsnot shown).
(3) The Projection of LMC(l) Axons into Proximal into the Distal Limb
To analyze the projection of LMC(l) axons into the dis-Limb Mesenchyme
In the proximal limb mesenchyme of Lim1tlz/tlz $ 1/1 tal limb, we examined the expression of LacZ by the
axons and cell bodies of motor neurons at E13.5. Inembryos, LacZ1 axons were detected in the ventral as
Cell
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Figure 4. Axons of Mutant Lim1 LMC(l) Neurons Project into Both Dorsal and Ventral Motor Nerve Branches
(A±D) Expression of NF (red) and LacZ (green) in E11.5 hindlimbs. d, dorsal; v, ventral. Insets are gray scale images of the LacZ immunofluores-
cence, blue lines mark the dv boundary.
(A) Dorsal projection of LacZ1 LMC(l) axons (green), in hindlimb of Lim1tlz/1 embryos. Lim1tlz/1 $ 1/1 chimeras exhibit a similar staining pattern
(not shown).
(B) Dorsal and ventral projection of LacZ1 LMC(l) axons in the hindlimb of Lim1tlz/tlz $ 1/1 chimeras.
(C) Dorsal projection of LacZ1 LMC(l) axons in the hindlimb of Lim1tlz/1 $ 1/1 embryos.
(D) Dorsal and ventral projection of LacZ1 LMC(l) axons in the hindlimb of Lim1tlz/tlz $ 1/1 chimeras. In some embryos, dorsally directed
LacZ1 axons failed to extend into the distal limb. In contrast, the distal projection of ventrally directed LacZ1 axons is not affected at this
stage. Stunted dorsal axonal growth may be associated with high ES cell contribution chimeras, in which few wild type axons project into
the distal limb.
(E and F) Quantitation of axonal projections at forelimb (E) and hindlimb (F) levels. NF and LacZ expression were assessed in alternate sections.
Values were obtained from 6±8 limbs of each genotype. One alternative explanation for the detection of dorsal and ventral motor axon
projections at equal incidence is that the penetrance of the Lim1 phenotype is incomplete. Lim1 mutant LMC(l) neurons within which the loss
of Lim1 function is penetrant might always select a ventral trajectory. To explain our findings, the fractional penetrance of the Lim1 phenotype
would need to be close to 50%.
Scale bar: 50 mm (A and B); 150 mm (C and D).
Lim1tlz/1$ 1/1 chimeras and in Lim1tlz/1 embryos, many wild-type LMC(l) neurons, as assessed by the detection
of HRP1, Isl12, LacZ2 LMC(l) neurons in the ventral spi-LacZ-labeled LMC(l) axons were detected within more
distal regions of the dorsal limb (Figures 5A and 5B; nal cord (Figures 5L and 5M; data not shown). Together,
these findings support the idea that the axons of Lim1data not shown). LacZ1 LMC(l) neurons were detected
in the spinal cord of Lim1tlz/tlz $ 1/1 chimeras (Figures mutant LMC(l) neurons are not present in the distal limb
of Lim1tlz/tlz $ 1/1 embryos. Thus, Lim1 appears to have5G and 5H), but no LacZ-labeled axons could be de-
tected within the distal limb, either dorsally or ventrally an additional role in promoting the extension of LMC(l)
axons into the distal limb.(Figures 5C and 5D).
To determine whether the inability to detect distal We also addressed the issue of whether the mispro-
jection of LMC(l) axons in Lim1tlz/tlz $ 1/1 embryos influ-LacZ-labeled axons reflects a defect in axonal projec-
tions, we attempted to label the cell bodies and axons of ences the trajectory of LMC(m) axons. To test this, HRP
was injected into either the ventral or dorsal shank muscleLMC(l) neurons retrogradely by injection of horseradish
peroxidase (HRP) into dorsal shank or gluteal muscles masses of E13.5 Lim1tlz/1 embryos and Lim1tlz/tlz $ 1/1
chimeras (Figure 5I), and the presence of HRP in Isl11of Lim1tlz/tlz $ 1/1 embryos at E13.5 (Figure 5E; data
not shown). In the proximal region of the motor nerve, LMC(m) neurons was analyzed. In both Lim1tlz/1embryos
and Lim1tlz/tlz $ 1/1 chimeras, HRP was detected inwe detected separate populations of LacZ1, HRP2 and
LacZ2, HRP1 axons; however, no LacZ1, HRP1 axons Isl11 LMC(m) neurons after injection into the ventral
shank muscle mass (Figures 5J and 5K), but not afterwere detected (Figure 5F). Many of the LacZ2, HRP1
axons detected in the peripheral nerve derived from injection into the dorsal shank muscle mass (Figures 5L
Control of Motor Axon Trajectory by LIM Homeobox Genes
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Figure 5. Misrouting of LMC Axons is Restricted to Lim12/2 Motor Neurons
(A and C) Lim1tlz/1 (A) and Lim1tlz/tlz $ 1/1 embryos (C) at E13.5. The position of the boundary between dorsal (d) and ventral (v) limb mesenchyme
and the base of the limb is indicated by dotted lines. The distal position of LacZ1 axons at E13.5 is close to the distal region of the femur.
Images representative of 3±5 embryos. Black arrows indicate the distal-most LacZ1 axons.
(B and D) Camera lucida tracings of LacZ1 axons in (A) and (C).
(E) HRP injection into the dorsal nerve branch. Red cells indicate Lim1 mutant LacZ1 LMC(l) neurons. Black cells indicate wild-type LMC(l)
neurons or LMC(m) neurons.
(F) HRP (green) and LacZ (red) in peripheral nerves of E13.5 Lim1tlz/tlz $ 1/1 embryos after injection of HRP into the gluteal muscle. Sections
through the proximal region of the peripheral nerve show that HRP and LacZ label separate axonal populations (n 5 3 embryos).
(G and H) Isl1/2 (red) expression in LacZ1 (green) LMC(l) neurons in E13.5 Lim1tlz/tlz $ 1/1 chimeras. The LMC(l) domain is delineated by
dotted lines. Image representative of at least three embryos. (H) LacZ expression in section shown in (G).
(I) Ventral and dorsal shank injection of HRP in E13.5 embryos.
(J) In Lim1tlz/1 embryos, after ventral shank injection, HRP (green) is restricted to Isl11 LMC(m) neurons (n 5 7 limbs).
(K) In Lim1tlz/tlz $ 1/1 embryos after ventral shank injection, HRP (green) is restricted to Isl11 (red) LMC(m) neurons (n 5 3 limbs).
(L) In Lim1tlz/1 embryos, HRP (green) injected into the dorsal shank is confined to Isl12 LMC(l) neurons (n 5 11 limbs).
(M) In Lim1tlz/tlz $ 1/1 embryos after dorsal shank injection, HRP (green) is confined to lateral Isl12 LMC(l) neurons. No HRP is detected in
medial Isl11 LMC(m) neurons (n 5 4 limbs).
Scale bar: 250 mm (A±D); 10 mm (F±H); 20 mm (J±M).
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and 5M). This finding provides evidence that the axons (Figure 6I), whereas the incidence of ventrally directed
LacZ1 axons appeared slightly lower at forelimb levelsof LMC(m) neurons continue to select a ventral trajectory
in the limb, despite the presence of nearby Lim1 mutant (Figure 6J). These results show that the expression of
Lmx1b by limb mesenchymal cells has an essential roleLMC(l) neurons.
in ensuring the fidelity with which LMC(l) axons select
a dorsal trajectory in the developing limb.Selection of the Dorsoventral Trajectory
To examine whether the extension of LMC(l) axonsof LMC Axons Occurs at Boundaries
into the distal limb is affected in Lmx1b mutants, weof Lmx1b Expression
mapped motor axon projections by LacZ expressionWe next turned to the issue of whether the expression
and by retrograde HRP tracing. At E13.5, LacZ-labeledof LIM HD proteins by cells in the limb mesenchymal
LMC(l) axons were detected in distal regions of the hind-environment through which LMC axons project also
limb and forelimb in Lmx1b mutants, both dorsally andcontrols their dorsoventral trajectory. To begin to exam-
ventrally (Figures 7A and 7B; data not shown), in markedine this possibility we analyzed the spatial relationship
contrast to the situation in Lim1tlz/tlz $ 1/1 embryosbetween the trajectory of LMC axons and the domain
(Figures 5C and 5D). Consistent with this finding, HRPof Lmx1b expression within the limb mesenchyme. In
injection into the ventral as well as the dorsal shankwild type embryos both the proximodistal boundary of
muscles of Lmx1b mutant embryos resulted in labelingLmx1b expression at the base of the limb, and the dorso-
of the cell bodies of LacZ1 LMC(l) neurons (Figures 7Fventral boundary of Lmx1b expression within the limb,
and 7K; data not shown). This finding provides furthercoincided with the position of motor nerve bifurcation
evidence that the fidelity of the dorsal projection of theinto dorsal and ventral branches (Figures 6A±6C). As a
axons of LMC(l) neurons is disrupted by the loss ofconsequence, upon entry into the limb, the dorsal motor
Lmx1b function from the limb mesenchyme.nerve branch projects through mesenchyme that ex-
We next used HRP tracing to examine whether thepresses Lmx1b, whereas motor axons in the ventral
projection of LMC(m) axons is also affected by the lossnerve branch project through mesenchyme that lacks
of Lmx1b function. In Lmx1b mutants, Isl11 LMC(m) neu-Lmx1b expression (Figure 6D).
rons were labeled after HRP injection into dorsal (Figure
7F) or ventral (Figure 7K) shank muscles, providing evi-Lmx1b Controls the Fidelity with which LMC Axons
dence that LMC(m) axons project into both the dorsalSelect Dorsal and Ventral Trajectories
and ventral nerve branches in Lmx1b mutant embryos.This spatial relationship prompted us to examine
These results show that the expression of Lmx1b bywhether the trajectory of LMC axons within the limb is
dorsal limb mesenchymal cells controls the trajectoryperturbed in Lmx1b null mutant mice (Chen et al., 1998).
of both LMC(m) and LMC(l) axons.Lmx1b is, however, also expressed by floor plate cells
(Riddle et al., 1995; data not shown). A role for Lmx1b
Discussionin floor plate differentiation might affect the specification
of LMC neurons and thus complicate interpretation of
The analysis of motor axon projections to their targetsthe influence of limb expression of Lmx1b on motor
in the limb provided much of the early cellular evidenceaxon guidance. Analysis of the specification of motor
for the selectivity of axonal projections during vertebrateneuron and interneuron identities in Lmx1b mutants re-
development, but the molecular basis of motor axonvealed, however, that the loss of Lmx1b did not affect
pathfinding has remained unclear. This study shows thatthe early specification of motor neuron or ventral in-
LIM HD transcription factors have key roles in the selec-terneuron identities (Supplemental Figure S1 [see Sup-
tion of motor axon trajectory in the limb (Figure 8). Theplemental Data below]).
expression of Lim1 by LMC(l) neurons ensures that theirTo test whether Lmx1b controls the dorsoventral tra-
axons select a dorsal trajectory. In a complementaryjectory of LMC motor axons, we examined embryos
manner, the expression of Lmx1b by dorsal limb mesen-carrying one copy of the Lim1tlz allele in wild type, Lmx1b
chymal cells controls the dorsoventral trajectory of bothheterozygous and homozygous mutant backgrounds.
LMC(l) and LMC(m) neurons. Thus, the activities of twoThe projection of LMC(l) axons was analyzed by tracing
LIM HD proteins, one acting within motor neurons andLacZ1 axons to the limb, from E11.5 to E13.5. The initial
the other within cells that guide motor axons, cooperatephases of LMC motor axon growth to the limb were
in establishing the fidelity of this binary choice of motorunchanged in Lmx1b null mutants (data not shown). In
axon trajectory (Figure 8). We discuss these findings inaddition, the position of bifurcation of the motor nerve
the context of: (1) the role of LIM HD proteins in thebranch coincided with the proximodistal and dorsoven-
establishment of axonal projections, (2) the modulartral boundaries of expression of the nonfunctional
control of motor axon guidance, and (3) the mechanismsLmx1b transcript (Chen et al., 1998; data not shown).
that coordinate the expression of axonal guidance pro-In wild-type and heterozygous Lmx1b backgrounds,
teins within neurons and their cellular environment.all LacZ1 LMC(l) axons selected a dorsal trajectory (Fig-
ures 6E and 6F; data not shown). However, in Lmx1b
mutant embryos, LacZ1 LMC(l) axons were present in LIM Homeobox Genes as Regulators of Motor
Axon Guidanceboth the dorsal and ventral regions of the nascent motor
nerve branch at the base of the limb (Figure 6G). More- The possibility that LIM HD proteins control the trajec-
tory of vertebrate motor axons emerged initially from anover, within the proximal limb mesenchyme of Lmx1b
mutants, LacZ1 axons were found in both the dorsal and analysis of their patterns of expression within columnar
subclasses of motor neurons (Tsuchida et al., 1994).ventral motor nerve branches (Figure 6H). Quantitative
analysis of the projection of LMC(l) axons in the Lmx1b Direct evidence in support of this idea has been difficult
to obtain, however, because of the earlier activities ofmutant background revealed that hindlimb LMC(l) axons
selected dorsal and ventral branches at equal incidence Isl1 and Lim1 in the control of embryonic pattern and
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Figure 6. Misprojection of LacZ1 LMC(l) Axons in the Limb of Lmx1b2/2 Embryos
(A±D) Lmx1b expression delineates the motor nerve branch point.
(A) Selective expression of Lmx1b in dorsal limb mesenchyme at E10.5. The proximal boundary of Lmx1b expression marks the base of the
limb.
(B) NF expression in a forelimb section similar to that in (A). Motor nerve bifurcation occurs at the proximodistal and dorsoventral boundaries
of Lmx1b expression.
(C) Lmx1b (green) and NF (red) expression in E10.5 forelimb.
(D) Lmx1b (green) and NF (red) expression in E11.5 hindlimb.
(E±H) Motor axon projections in E11.5 hindlimb. LacZ (green) and NF (red) expression. Images were obtained from embryos heterozygous for
the Lim1tlz allele. Arrows point to spinal cord.
(E) Axonal projection at base of the limb of wild-type embryos.
(F) Axonal projection into the hindlimb of wild-type embryo. LacZ1 LMC(l) axons are confined to the dorsal (d) nerve branch.
(G) In Lmx1b2/2 embryos, LacZ1 axons are detected in dorsal and ventral regions of the nascent motor nerve branches.
(H) In Lmx1b2/2 embryos, LacZ1 axons are detected in both dorsal (d) and ventral (v) nerve branches. We considered the possibility that in
Lmx1b2/2 embryos, an individual LMC(l) axon, bifurcates at the base of the limb, extending branches both into the dorsal and the ventral limb
mesenchyme. To assess this, we placed a DiI crystal near the dorsal motor nerve branch of E11.5 embryos and examined whether DiI is
transported into the ventral nerve branch. In wild-type Lmx1b1/2 and Lmx1b2/2 embryos, DiI was detected in the dorsal but not ventral nerve
branch, arguing against individual motor axon bifurcation.
(I and J) Quantitation of axonal projections at forelimb (I) and hindlimb (J) levels of E11.5 embryos. Symbols refer to the Lmx1b genotype
(1/1; 1/2; 2/2), n 5 6 limbs.
Scale bar: 50 mm (E and G); 65 mm (A±D); 100 mm (F and H).
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Figure 7. Maintained Misprojection of Both LMC(l) and LMC(m) Axons in the Limb of Lmx1b2/2 Embryos
(A and B) LacZ-labeled Lmx1b1/1 (A) and Lmx1b2/2 (B) E13.5 embryos. In Lmx1b1/1 embryos, only the dorsal (d) branch of the motor nerve
contains labeled axons. In Lmx1b2/2 embryos, both dorsal (d) and ventral (v) branches contain labeled axons. LacZ labeling of axons emerging
from the crural plexus (cru) is too faint to detect at this stage. White arrows indicate the location of the point of bifurcation of LMC(l) and
LMC(m) axons. All embryos are heterozygous for the Lim1tlz allele.
(C and H) HRP injection into dorsal shank (C) or ventral shank (H) musculature of E13.5 embryos (n 5 8 Lmx1b2/2 embryos; n 5 11 Lmx1b1/2
and Lmx1b1/1 embryos).
(D and E) HRP (green in D), Isl1 (red in D), and LacZ (E) expression in Lmx1b1/1 embryos injected with HRP into the dorsal hindlimb. HRP is
restricted to the Isl12 LMC(l) neurons (D), which express LacZ (E).
(F and G) HRP (green in F), Isl1 (red in F), and LacZ (G) expression in Lmx1b2/2 embryos injected with HRP into the dorsal hindlimb. HRP is
detected in Isl11 LMC(m) neurons (arrows in F) and in Isl12 LMC(l) neurons which also express LacZ (G).
(I and J) HRP (green in I), Isl1 (red in I), and LacZ (J) expression in wild-type embryos injected with HRP into the ventral hindlimb. HRP is
restricted to Isl11 LMC(m) neurons (I). LacZ expression defines LMC(l) neurons (J).
(K and L) HRP (green in K), Isl1 (red in K), and LacZ (L) expression in Lmx1b2/2 embryos injected with HRP into the ventral hindlimb. HRP is
detected in Isl11 LMC(m) neurons (K) as well as in Isl12 LMC(l) neurons (arrows in K), which also express LacZ (L).
Scale bar: 250 mm (A and B); 10 mm (D±G and I±L).
neuronal fate (Shawlot and Behringer, 1995; Pfaff et al., and Lim3, which control motor axon pathfinding without
affecting neuronal identity (Thor and Thomas, 1997; Thor1996). In mice lacking Lhx3 and Lhx4, motor neurons
are generated and their axons exit the spinal cord at et al., 1999). Studies of neural development in C. elegans
have also revealed roles for LIM homeobox genes in thean abnormal dorsal position (Sharma et al., 1998). This
projection defect, however, is likely to be a secondary specification of neuronal connections, but it remains
unclear whether these connectivity defects are a conse-consequence of a prior perturbation in the specification
of motor neuron identity and migratory pattern. quence of alterations in axonal guidance (Hobert and
Westphal, 2000).Lim1 appears to control the trajectory of LMC(l) axons
without a prior influence on the specification of LMC How do LIM homeobox genes control the trajectory
of vertebrate motor axons? Lim1 is required for LMC(l)neuron subtype identity, or on the pattern of motor neu-
ron migration in the spinal cord. A parallel to the function axons invariably to select a dorsal trajectory upon entry
into the limb. Nevertheless, about half the normal num-of Lim1 in vertebrate motor neurons can be found in the
activities of the Drosophila LIM homeobox genes Islet ber of Lim1 mutant LMC(l) neurons continue to select a
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Figure 8. Control of Motor Axon Trajectory by LIM Homeodomain Proteins
Trajectories of the axons of MMC(m) (blue), LMC(m) (red) and LMC(l) (green) motor neurons in wild-type, Lim1, and Lmx1b mutants. The axons
of Lim1 mutant LMC(l) neurons project into the dorsal and ventral motor nerve branches within the limb, whereas the projection of LMC(m)
axons is unaffected. LMC(l) axons subsequently retract from the limb, as indicated by the dashed green line. In Lmx1b mutants, the axons
of both LMC(l) and LMC(m) neurons extend into the dorsal and ventral limb. For details, see text.
dorsal trajectory in the limb. Thus Lim1 is not required axons of LMC neurons segregate into dorsal and ventral
nerve branches. Eph signals contribute to the guidancein an absolute sense for dorsally directed axonal growth.
The loss of Lim1 function instead appears to randomize of axons in other neural systems (Wilkinson, 2000), rais-
ing the possibility that they also participate in the regula-the selection of a dorsal or ventral trajectory by an indi-
vidual LMC(l) axon as it enters the limb. Thus, Lim1 tion of motor axon growth into the limb.
may control the ability of LMC(l) axons to respond to
guidance cue(s) present in the limb mesenchyme that
direct their dorsal trajectory. In addition, dorsoventral The Modular Control of Motor Axon Pathfinding
The axons of distinct classes of motor neurons projectaxonal pathway selection by both LMC(l) and LMC(m)
axons appears to be randomized in Lmx1b mutants (Fig- to their targets in a stepwise manner, diverging in trajec-
tory at intermediate ªdecision regionsº (Landmesser,ure 8), indicating that the expression of Lmx1b by dorsal
limb mesenchymal cells controls the ability of LMC ax- 1994). Our studies provide evidence that LIM HD pro-
teins coordinate one key pathfinding decision: the dor-ons to establish distinct dorsal and ventral trajectories.
Presumably, Lmx1b establishes a molecular distinction soventral choice of motor axon trajectory at the base
of the limb. The selectivity of the defects in axonal path-in the expression of guidance cues by dorsal and ventral
mesenchymal cells that is perceived by motor axons as finding observed in Lim1 and Lmx1b mutants also pro-
vides genetic evidence that discrete molecular pro-they enter the limb. Since the axons of LMC(l) and
LMC(m) neurons segregate immediately on entry into grams control distinct steps in motor axon guidance.
The loss of Lim1 from LMC(l) neurons is without effectthe limb (Tosney and Landmesser, 1985a), the guidance
cues controlled by Lmx1b are likely to act at short range. on motor axon exit from the spinal cord, or on the exten-
sion of motor axons through a mesodermal environmentFew cell surface or secreted proteins with differential
patterns of expression in dorsal and ventral limb mesen- en route to the limb. Moreover, the bifurcation of the
motor nerve into dorsal and ventral branches occurs atchymal cells have been identified, and none of these
have yet been linked directly to motor axon guidance. its normal position in both Lim1 and Lmx1b mutants.
The decision to establish dorsal and ventral motor nerveThus, the distinct trajectories of LMC(m) and LMC(l) ax-
ons could be controlled by the differential dorsoventral branches is therefore separable from the decision of
individual axons to select a dorsal or ventral trajectory.expression of attractant or repellant factors. It also re-
mains unclear whether Lmx1b acts to activate or repress Our results also show that the apposition of limb mesen-
chymal cells of dorsal and ventral identity is not requiredthe expression of guidance cues. Nevertheless, our re-
sults do appear to rule out the possibility that the dor- for the bifurcation of the motor nerve into dorsal and
ventral branches. An independent mechanism, perhapssally restricted trajectory of LMC(l) axons is achieved
through ventral expression of an activity that prevents linked to the onset of chondrogenesis at the core of the
limb bud, may impose this aspect motor nerve branchingthe extension of these axons in an absolute, and con-
text-independent manner. (Tosney and Landmesser, 1985a, 1985b). The decision
of motor axons to project distally in the limb is alsoThe Eph tyrosine kinase receptors EphA4 (F. Helm-
bacher and P. Charnay, personal communication; our separable from the selection of dorsal or ventral trajec-
tory, since in Lmx1b mutants both LMC(l) and LMC(m)unpublished observations) and EphA7 (Araujo et al.,
1998) are expressed in a proximal domain of the dorsal axons project distally despite dorsoventral projection
errors. Nevertheless, Lim1 controls both the selectionlimb mesenchyme, close to the position at which the
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Lmx1b1/2 ; Lim tlz/1 males with Lmx1b1/2 females. Mice were geno-of dorsoventral trajectory and the projection of LMC(l)
typed by PCR (details in Supplemental Data, see below).axons into the distal limb.
Discrete steps in motor axon pathfinding are also con-
Generation of Homozygous Lim1tlz ES Linestrolled by distinct environmental signals. The initial
Homozygous Lim1tlz mutant ES cells were generated as in Mortensenphase of axon extension by distinct sets of motor axons
et al. (1992). Lim1tlz/1 ES cells were cultured in 2±2.5 mg/ml G418,appears to be controlled differentially by netrins, sema-
yielding 5 subclones homozygous for the Lim1tlz allele. We also used
phorins, and hepatocyte growth factor (Colamarino and a marker recycling approach to generate Lim1tlz mutant ES cells
Tessier-Lavigne, 1995; Ebens et al., 1996; Varela-Echa- (details available in Supplemental Data).
varria et al., 1997; Caton et al., 2000). In addition, Eph
signaling has been implicated in selective motor axon In Situ Hybridization and Immunohistochemistry
growth through the anterior half of the somite and in In situ hybridization histochemistry was performed (Schaeren-
the topographic pattern of muscle innervation by motor Wiemers and Gerfin-Moser, 1993) using RALDH2, Lim1, and Lmx1b
probes (Shawlot and Behringer, 1995; Chen et al., 1998; Arber etaxons (Wang and Anderson, 1997; Feng et al., 2000).
al., 1999). Protocols for immunocytochemistry were as described
(Tsuchida et al., 1994). Antibodies used are detailed in Supplemental
The Coordination of Gene Expression by Neurons Data. Whole mount X-gal labeling was carried out as described
(Mombaerts et al., 1996).and Their Cellular Environment
To quantitate axonal projections, cryostat sections were labeledThe role of LIM HD proteins in subdividing LMC neurons
with the anti-NF and anti-LacZ antibodies and FITC- and Cy3-conju-and the limb mesenchyme raises the issue of whether
gated secondary antibodies (Jackson Labs). Optical sections werethe differentiation of these two cell types might be coor-
collected using an MRC 1024 confocal microscope (BioRad). Thedinated during development. The generic identity of
region of the limb containing dorsal and ventral motor nerve
LMC neurons appears to be imposed by a signal pro- branches was framed and background LacZ fluorescence signal
vided by limb level paraxial mesoderm (Ensini et al., was subtracted. Images were processed using Optimas image
1998). In parallel, a limb level paraxial mesoderm signal quantification software (Optimas Corp.). Pixel counts were ex-
has been suggested to specify the position of formation pressed as percentage of total limb axonal fluorescence.
of the limb field (Stephens et al., 1993), a process medi-
ated by the downstream activation of an FGF signaling Retrograde Labeling of Motor Neurons
Retrograde labeling of motor neurons after HRP injection into thepathway (Crossley et al., 1996; Fernandez-Teran et al.,
gluteal muscle or dorsal or ventral shank hindlimb muscle of E13.51997; Ohuchi et al., 1997). These observations suggest
embryos was performed as described (Lin et al., 1998).that positional signals provided by limb level paraxial
mesoderm act on neural cells to initiate the specification
Supplemental Dataof LMC neurons and on lateral plate mesoderm cells to
Supplemental data, including Figure S1, are available online (http://initiate the formation of the limb field.
www.cell.com/cgi/content/full/102/2/161/DC1).Might there also be coordination in the specification
of the mediolateral subdivision of the LMC and the dor-
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